ABSTRACT: The surface force apparatus (SFA) was utilized to obtain force− distance profiles between silica-supported membranes formed by Langmuir−Blodgett deposition of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). In the absence of a membrane, a long-range electrostatic repulsion and short-range steric repulsion are measured as a result of the deprotonation of silica in water and the roughness of the silica film. The electrostatic repulsion is partially screened by the lipid membrane, and a van der Waals adhesion comparable to that measured with well-packed DPPC membranes on mica is measured. This finding suggest that electrostatic interactions due to the underlying negatively charged silica are likely present in other systems of glass-supported membranes. In contrast, the charge of an underlying mica substrate is almost completely screened when a lipid membrane is deposited on the mica. The difference in the two systems is attributed to the stronger physisorption of zwitterionic lipids to molecularly smooth mica compared to physisorption to rougher silica.
■ INTRODUCTION
Because of the complexity of cell membranes, biophysical studies have primarily focused on model membrane systems of reduced complexity in order to elucidate the fundamental thermodynamics and physics of membrane interactions. For example, lipids and their self-organizing structures have been broadly used as models of cellular membranes and have been studied for their potential use in biosensor applications. 1 In this work, we compare the interaction forces between supported membranes composed of one of the most commonly studied phospholipids, DPPC on two different supports: molecularly smooth but chemically inert mica versus more functional and broadly used silica or glass.
There are a plethora of techniques used to study membranes; however, relatively few provide a measure of membrane− membrane interactions. 2, 3 One of the first methods developed relied on changes in the spacing between membranes in multilamellar stacks under osmotic stress to extract the repulsive interactions between membranes. 4, 5 Such studies provided an unprecedented understanding of the role of membrane undulations and hydration. The use of small-and wide-angle X-ray and neutron scattering also provided highresolution density distributions and the average packing of lipids in the membrane to be obtained. 6−9 More recently, the bioforce probe based on the micropipet aspiration of giant unilamellar vesicles has been used to measure membrane− membrane interactions. Initially used to study membrane tension and area compressibility by measuring changes in membrane shape as a function of pipet suction pressure, the use of opposing membranes and/or a force-sensing red blood cell expanded the measuring capability to detect weak attractive interactions as well as biological specificity interactions such as ligand−receptor binding. 2,10−12 In terms of substrate-supported membranes, atomic force microscopy (AFM) 13 is widely used to measure membrane topology but is only sparingly used to measure membrane−membrane interactions due to challenges in forming a membrane on silicon nitride tips. 14−16 Chemically functionalizing the tip with gold and a hydrophobic mercapto undecanol has been shown to promote spontaneous vesicle fusion, yielding a supported lipid monolayer appropriate for measuring membrane−membrane interactions. 15 The most widely used and versatile technique for measuring membrane−membrane interactions is the surface force apparatus, which provides force−distance profiles with 1 Å resolution in distance and 10 pN resolution in force and a visualization of the area of contact between two macroscopic membrane-coated surfaces. 2,17−22 Traditionally, SFA employs mica, a molecularly smooth and widely used solid support for force spectroscopy and fluorescence microscopy measurements. However, membrane-based biosensors typically use silica or glass substrates, in part because of the fact that silica is readily available, cheap, easily chemically modified, optically transparent, and less sensitive to surface damage. 23−25 It is thus important to establish the typical conditions present (e.g., charge density, hydrophobicity, steric interactions, etc.) for a bilayer immobilized on silica and thus how a silica-supported membrane interacts with materials in the environment (e.g., particles, proteins, cells, etc.) for applications. Moreover, there is a large effort to develop models to recapitulate integral membrane proteins in supported membranes for controlled biophysical studies. 26−28 To study the interaction of membranes with transmembrane proteins, it is necessary to prevent deleterious interactions of the embedded protein with the underlying inorganic support. Hydrophilic polymer cushions are actively being pursued as a means to provide a highly hydrated, soft, flexible spacer between the substrate and the membrane to mimic biological conditions and native function better. 24,29−40 The grafting of polymers on silica is becoming routine. Our future work will present studies of interaction forces of polymer-cushioned membranes. 41 Though the interaction between lipid bilayers immobilized on mica surfaces have been well documented, no work has reported measurements of membranes immobilized on silica using the SFA. In this work, we measure and analyze the interaction between two DPPC bilayers deposited on smooth silica thin films. Silica (SiO 2 ) is deposited via electron beam deposition (e-beam) on mica to yield relatively smooth films (5 Å rms). The resulting optical interferometer is analyzed using both the five-layer multiple-beam interferometry analytical solution and a multiple matrix solution of the full optical system (Supporting Information). The results are compared to the interaction of bilayers immobilized directly on mica under similar conditions.
■ MATERIALS AND METHODS
Chemicals. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (melting point 41°C) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Texas red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Texas red DHPE) was purchased from Life Technologies Corp. (Grand Island, NY). Lipids were dissolved in chloroform at a concentration of 1 mg/mL. KNO 3 was used as the monovalent salt in all solutions. The water used was purified with a Milli-Q gradient water purification system with a resistivity of 18 MΩ·cm.
Sample Preparation. Silica-covered mica was prepared on the basis of the procedures previously described by Vigil et al. 42 First, mica was cleaved to uniform thicknesses of 3 to 4 μm and adhered to a clean mica backing sheet. A CHA e-beam evaporator (SEC-600-RAP) was then used to deposit SiO 2 onto the mica pieces. To ensure uniform deposition, the samples were rotated in their planetaries, and the raster was scanned at an amplitude of one-fourth of the crucible's diameter. Films with approximately 500 Å or 1000 Å SiO 2 layers were deposited using the following operating conditions; base pressure of 10 −6 Torr, deposition pressure of 5 × 10 −6 Torr, filament current of 26 mA, acceleration voltage of −10 kV, and deposition rate of ∼1 Å/s. After the SiO 2 was deposited, the SiO 2 -covered mica pieces were flipped and adhered to a clean mica sheet and silver was evaporated onto the back side of the mica pieces. Samples were stored under vacuum in this configuration until use.
Supported lipid bilayers were prepared by Langmuir−Blodgett (LB) deposition using a temperature-controlled Wilhelmy trough (Nima Coventry, U.K.) and assembled onto the back-silvered mica or SiO 2 -covered mica substrates glued onto cylindrical silica disks via a procedure described elsewhere. 43, 44 Prior to lipid deposition, the SiO 2 −mica surfaces were placed under UV light for a total of 30 min in 10 min increments to ensure cleanliness and surface hydroxylation. Both the inner and outer leaflets of DPPC were deposited at 45 mN/ m. The inner leaflet was deposited by raising the substrates vertically through a compressed DPPC monolayer at the air−water interface at a dipping speed of 1 mm/min. The monolayer transfer ratio was 1.00 ± 0.05 on mica and 0.97 ± 0.05 on SiO 2 −mica. Subsequently, the outer DPPC layer was deposited in vertical geometry under similar conditions but at a faster deposition rate of 4 mm/min to prevent the desorption of the inner leaflet at the air−water interface. The transfer ratio for the outer monolayer was 1.00 ± 0.05 on mica and 0.90 ± 0.05 on SiO 2 −mica. The pressure−area isotherms obtained were in agreement with those in the literature. 45 To demonstrate the similar quality of the deposited DPPC membranes on mica and SiO 2 − mica surfaces, fluorescent images of DPPC membranes containing 1 mol % Texas red DHPE are shown in the Supporting Information. No fluorescent dye was incorporated into membranes for SFA experiments. Atomic Force Microscopy (AFM). AFM studies were carried out using the NEAT-ORU spectral imaging facility on the UC Davis campus with an Asylum Research (Santa Barbara, CA) MFP-3D AFM. Veeco silicon nitride MSCT levers, k ≈ 0.03, were used for imaging.
Surface Force Measurements. The SFA technique has been used extensively to measure interaction forces between surfaces. 46, 47 After bilayers were deposited on the solid support, the surfaces were transferred and mounted into the SFA under water, a procedure detailed elsewhere. 17 The water in the SFA box was saturated with a speck of DPPC to prevent lipid desorption from the substrates during the course of the measurements. After the surfaces were mounted, the SFA box was placed in a temperature-controlled room at 25.0°C. A custom automated SFA was used for convenient data collection. 48 The system enables constant and/or variable motor displacements via a computer-controlled motor system. A sensitive CCD camera (Princeton SPEC-10:2K Roper Scientific, Trenton, NJ) was interfaced with the spectrometer and computer acquisition system to allow automated wavelength determination of the fringes of equal chromatic order.
The separation distance analysis traditionally used for supported membranes on mica surfaces is to approximate the system as a symmetric three-layer interferometer and use analytical solutions for the resulting optical interferometer. Other methods include a five-layer analytical form and the multilayer matrix model (MMM) that can be used for asymmetric and more complicated optical systems. Immobilizing bilayers on mica-covered silica surfaces requires an extra set of symmetric layers in the interferometer and complicates the analysis of the separation distance. In the Supporting Information for this work, we demonstrate that approximating the optical system using a simple three-layer interferometer is insufficient and can be used only as a first estimate of the separation distance. The difference between the results obtained using the three-layer analytical method and MMM is ∼13%, and the difference between the five-layer analytical method and MMM is ∼3.5% for separation distances of less than 200 Å. In this work, the five-layer analytical method was primarily employed. The membrane thickness at contact was determined using MMM.
■ RESULTS AFM of SiO 2 -Covered Mica. Figure 1A shows a representative AFM image of an ∼1000-Å-thick SiO 2 layer that was e-beam deposited on mica hydrated in Milli-Q water. Figure 1B shows the 3D profile that corresponds to image 1A. Image analysis gave a peak-to-valley roughness of 31 ± 2 Å for a hydrated film in bulk water (6 ± 2 Å rms). Similar surface quality was observed with dry films in air (results not shown). In all cases, scans were recorded over different regions of the films, and the scans were reproducible. Similar but lower values of the roughness of e-beam-deposited SiO 2 thin films on mica were reported by Vigil et al. The surface quality of our films is also consistent with SFA measurements, where we found that the SiO 2 films swelled slightly by 2.2% in water compared to their dry thickness (Supporting Information). Vigil et al. suggested that the swelling was due to the formation of protruding silica hairs or gel formation at the SiO 2 −water interface. Because the roughness of our SiO 2 film did not increase appreciably upon hydration, we attribute the 2.2% increase in film thickness to imbibing a small amount of water in defects within the SiO 2 film.
SiO 2 Interaction in Aqueous Solution. Figure 2 shows the force−distance profile between two e-beam-evaporated silica films on mica in ∼0.5 mM KNO 3 at pH 6. The contact, D = 0, was defined as a hard, flattened contact in air (F/R ≥ 70 mN/m). The force curve is characterized by two types of repulsive interactions: the expected long-range electrostatic double-layer interaction due to the negative charge of the silica film in water and a shorter-range steric interaction presumably due to surface roughness and hydration. 49, 50 Theoretically and experimentally, both electrostatic and steric/hydration interactions decay roughly exponentially. The silica surfaces were assumed to be symmetric (i.e., the films had the same negative charge density or surface potential). The electrostatic interaction was then fitted by solving the nonlinear Poisson− Boltzmann (P−B) equation using a numerical algorithm developed by Grabbe and Horn. 51 The algorithm explicitly computes the electrostatic potential or constant surface charge between two flat surfaces using a relaxation method on a finite mesh. The Derjaguin approximation was used to convert from the energy between flats to the force between crossed cylinders, F/R = 2πE. The solid lines are the P−B fits for a constant potential of ψ = −107 mV and a constant surface charge of σ = 9.2 mC/m 2 . These results are in good agreement with previous studies where the magnitude of the negative surface potential of silica at pH 7.5 was ψ = −120 mV in 0.1 mM NaCl. 23, 52 For the conditions here, pH ∼6, a lower charge density and zeta potential are expected. 53 To qualify the short-range interaction better, the electrostatic contribution was subtracted from the measured force profile. 43 The remaining steric portion of the interaction is shown in the inset of Figure 2 . The measured force profile deviates from a purely electrostatic interaction at short range, D < 30 Å, consistent with the AFM topography measurements in Figure  1 . When an exponential is fit to F/R ≈ exp(D/L c ), we find that the characteristic length for this case is L c ≈ 6 Å. The characteristic length is consistent with the hydration of the silica interface and the compression/interdigitation of protrusions of the opposing surfaces (6 ± 2 Å rms). 49, 50 Valtiner et al. previously suggested that this additional force was due to repulsive hydration and steric forces. 54, 55 After hydration, no change in the interaction profile was detected over many days, demonstrating that the films were stable. A similar short-range repulsion between silica films in water was observed by Vigil et al. 42 but was attributed to the extension of dangling Si−(−O− Si−) n −OH groups and the formation of a silica gel.
Control Measurements of DPPC Bilayers on Mica. Traditionally, DPPE has been used as the inner leaflet layer in supported membrane experiments measured with the SFA. DPPE binds to mica through a strong electrostatic interaction and provides a stable hydrophobic surface upon which to deposit the outer lipid monolayer leaflet. Here, a symmetric DPPC bilayer was used instead because DPPC is one of the most commonly studied phospholipids and is considered to be a better mimic of biological membranes. 23, 56 Before describing the results of the force−distance, F(D), measurements, it is important to establish an appropriate reference framework for the contact between the bilayer surfaces, which will be defined as D = 0. As in previous SFA measurements, we choose to define D = 0 as the contact between membranes in the absence of hydration and protrusion effects. 17 In the case of DPPC membranes supported on mica, the hydrated thickness of the two outer monolayers, Δ, was determined at the end of each experiment by measuring the thickness change following the drainage of the solution from the apparatus and the removal of the two outer monolayers. From the measured thickness change relative to contact between the bilayers at a force of about 10 mN/m, the bilayer−bilayer contact, D = 0, was defined as
The anhydrous bilayer thickness (T) was calculated from the known volumes occupied by the hydrocarbon chains and PC headgroup given by
hc head (2) where V hc = (27.4 + 26.9n) Å 3 is the average volume of a saturated n-carbon chain in the gel state, 57 V head = 324.5 Å 3 is the average headgroup volume of PC, 58 and A is the deposited area per lipid. For example, the thickness of two outer DPPC monolayers deposited at A = 48 17, 59 The thickness of the bilayer was assumed to remain constant during the experiments. This is reasonable given that the DPPC monolayers (T mp = 41°C) were deposited at room temperature in a close-packed solid phase and no phase changes or density changes are expected to take place. Figure 3A shows the measured force−distance profile between two DPPC bilayers immobilized on mica substrates in a monovalent solution of 0.5 mM KNO 3 at room temperature. As can be seen, a very weak repulsion 60 is observed between the surfaces for separations below ∼150 Å, followed by a strong, short-range repulsion at about 30 Å. Because DPPC is zwitterionic but overall neutral, we attribute the weak repulsion to a small level of residual charge from the mica surfaces or lipid membrane because the decay length is roughly consistent with the electrolyte concentration. 60 If fully dissociated, mica has a maximum surface charge density 46 of 50 Å 2 /e − . The surface charge density or surface potential measured experimentally is dependent upon the type and concentration of electrolyte present in the solution. As shown in Figure 3A , the surface charge on mica is almost completely damped after depositing a bilayer (with a low dielectric oil core) on the surface. 61 The almost-negligible electrostatic repulsion suggests reasonably strong electrostatic binding of the DPPC lipid bilayer to mica. The electrostatic binding arises from the attractive interaction between the underlying, negatively charged mica substrate and the positively charged terminus of the zwitterionic headgroup. In contrast, no electrostatic repulsion is measured when the inner leaflet of the membrane is DPPE. Presumably, the difference resides in the weaker physisorption and higher hydration of PC headgroups compared to those of PE headgroups. 62 Figure 3B illustrates the van der Waals adhesion between the DPPC bilayers with a magnitude of A dh = F ad /R = −0.40 ± 0.10 mN/m at a separation of D = 30 ± 3 Å. In addition, the experimental data were compared to the theoretical van der Waals (VDW) interaction 17 F = −AR/6D 2 (dashed line) with A = (7 ± 1) × 10 −21 J, with excellent agreement. The inset in Figure 3B is a semilogarithmic plot of the short-range repulsion between the membranes. An ever-present hydration layer on the headgroups and the thermal protrusions of lipids from the membrane are responsible for the short-range repulsion. In addition, as suggested Marra and Israelachvili, 17 the hydration of cations can also add to the repulsive force.
SFA Measurements of DPPC Bilayers Immobilized on SiO 2 . The measured transfer ratio of the DPPC bilayer on the SiO 2 -coated mica surfaces was 0.97 ± 0.05 for the inner leaflet and 0.90 ± 0.05 for the outer leaflet. This result corroborates an earlier reflectivity study that showed the formation of a wellpacked membrane with nearly complete coverage on a silica surface using the LB deposition technique. 63 Fluorescent images of DPPC membranes containing 1 mol % Texas red DHPE on SiO 2 -coated mica are shown in the Supporting Information. As evidenced by fluorescence microscopy, wellpacked membranes are present on the micrometer scale. However, the presence of small defects cannot be ruled out from such measurements. The lower transfer ratios of lipid monolayers obtained on silica to mica also suggest that the membranes on silica contain a higher number of defects, which is consistent with the significant electrostatic repulsion measured with silica-supported DPPC membranes as described in the next section. Bassereau and Pincet demonstrated that lipids in the inner leaflet can desorb during the deposition of the outer leaflet monolayer, thereby resulting in lower transfer ratios and holes in the bilayer. The holes span the thickness of the bilayer because of the high energy of exposing hydrophobic chains to water. The adsorption energy of a DPPC lipid to SiO 2 versus mica can be readily estimated from its transfer ratio using
where E a is the adsorption energy, k is the Boltzmann constant, T is the temperature, a m is the molecular area of DPPC (a m = 45 Å 2 at Π DPPC = 45 mN/m), 65, 66 α is a correlation coefficient, and γ DPPC is the surface tension of DPPC at the air−water interface defined as γ DPPC = 72 mN/m − Π DPPC . 67 The ratio between the total surface covered by holes and the bilayer is ρ = x/(1 − x), where x can be found from the transfer ratio x = (1 − TR)/2.
64
To calculate the adhesion energy, we assume α = 0.7, the correlation value measured for DMPE on mica. 64 This yields an adsorption energy of a DPPC bilayer on silica of E a ≈ 1kT (for TR = 0.90) versus an adsorption energy on mica of E a,min > 3kT (for TR = 0.99). This difference confirms the lower adsorption energy of DPPC bilayers on silica than on mica. Figure 4A shows the measured force−distance profile of DPPC bilayers immobilized on silica substrates at different ionic strengths (0.5 and 1.5 mM KNO 3 ). The reduction of the long-range repulsion with increased salt concentration clearly demonstrates that the interaction is electrostatic. As mentioned earlier, the headgroups of the lipid bilayers are zwitterionic but overall neutral in charge. Thus, the long-range electrostatic force is due to the underlying, negatively charged SiO 2 -coated mica substrates. To delineate the electrostatic contribution of the SiO 2 films in the measured force profile clearly, the reference frame, D = 0, is based on the SiO 2 −SiO 2 contact in a 0.5 mM KNO 3 aqueous solution rather than DPPC−DPPC membrane contact. The distance shift was based on the contact before (SiO 2 −SiO 2 in water) and after the bilayers were immobilized on silica using MMM to determine the thickness of the membranes. MMM was used in this case to ensure correct membrane thickness measurements. Equation 1 was also employed to observe consistency in the outer-layer thickness between immobilized bilayers on silica versus mica. Interestingly, we observed an additional shift of 20 Å in the thickness estimated by draining the SFA of water and the removal of the outer DPPC monolayer leaflets compared to studies on mica. We attribute this to some loss of the innerlayer leaflets of the membranes immobilized on silica. The removal of more than the outer two leaflets demonstrates a weaker physisorption of the inner leaflet to silica as compared to mica, again consistent with the difference in the estimated adsorption energy (eq 3).
The electrostatic repulsion was fit using the Poisson− Boltzmann (P−B) equation at the two salt concentrations. The electrostatic potential decreases slightly as the electrolyte concentration increases, and the potential is lower in the presence of a membrane (Figure 2 ). The significant electrostatic repulsion is likely due to small holes in the membrane and therefore less screening of the underlying substrate charge by the supported membrane. Adhesion is again observed when the surfaces are separated. The adhesion is comparable between the two salt concentrations with a magnitude of about −0.65 mN/ m. This is in very good agreement with the expected VDW adhesion between DPPC bilayers. 17 No additional attraction or adhesion from hydrophobic interactions was detected. This is consistent with the formation of membrane-spanning holes as observed by AFM. 64, 68, 69 We further comment that the measured adhesion is identical to the measured adhesion of DPPC membranes on mica once the small electrostatic contribution is accounted for, −(0.40 + 0.20) mN/m.
After subtracting the electrostatic contribution ( Figure 4B ), we found that the remaining short-range repulsion is "softer" compared to when the bilayer is supported on mica substrates. This softer repulsion is consistent with the increase in surface roughness. 54, 55 In this figure, D = 0 was defined as the contact between DPPC bilayers for ease of comparison to the data shown in Figure 3 . To obtain D = 0, the thickness of two DPPC membranes was determined using eq 2 and subtracted from the total thickness as determined using MMM and the contact wavelengths in the presence and absence of the membranes.
■ CONCLUSIONS
Though the interactions between lipid bilayers immobilized on mica surfaces have been well documented, much less work has been done on bilayers immobilized on silica. The closest system was the measurement of a lipid bilayer on mica with a bare silica surface by Anderson et al. 23 The measured profile between a mica-supported membrane and bare silica surface demonstrated that a long-range repulsion force, attributed to the residual double-layer potential, and short-range repulsive thermal undulation forces were the dominant interactions.
The structure of DPPC membranes is similar on mica and silica surfaces as ascertained by fluorescence microscopy (Supporting Information); however, it is likely that silicasupported membranes contain more holes as indicated by reduced transfer ratios. The measured forces between DPPC bilayers immobilized on silica or mica are also similar, with the exception of a stronger electrostatic repulsive force present when silica is used. A summary of the forces and observations made in these experiments is enumerated next. First, the most important difference between the interaction of bilayers immobilized on mica and bilayers immobilized on silica is the presence of a strong electrostatic force when silica is used. We attribute this force to holes in silica-supported membranes due to the weaker physisorption of lipids to the silica substrate and the hydrated surface roughness of the silica. These defects are below the resolution of fluorescence microscopy. Second, a van der Waals attraction consistent with well-packed membranes is measured upon membrane separation. In Figures 3B and 4B , the theoretical van der Waals interaction, F = −AR/6D 2 with A = (7 ± 1) × 10 −21 J is plotted against the experimental results (dashed lines for both figures). For silica, the adhesive minimum is at D adh = 34 ± 3 Å, which is slightly greater than the distance for mica (D adh = 30 ± 3 Å) as a result of the greater fluctuations in the more hydrated membrane and the roughness of the underlying silica support. The magnitude of the adhesion force between membranes immobilized on silica, A dh , is in agreement with theoretical predictions and previous measurements of DPPC membranes supported on inner leaflets of DPPC. 17 The adhesion is comparable between the two salt concentrations at about 0.65 mN/m. Third, membranes on silica appear to be slightly more compressible because of the softer/rougher underlying silica layer. Fourth, the physisorption of the inner DPPC leaflet to silica is weaker than to mica and can be quantified by the lower transfer ratios during Langmuir− Blodgett deposition.
In particular, the presence of an unexpected electrostatic interaction when membranes are supported on silica and the presence of holes in the membrane could be important in biophysical membrane studies on glass and biosensor applications where the selective binding of ligands or proteins to membranes is important.
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